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LONG-TERM GOALS 

This research is intended to further the understanding of how high-frequency acoustic 
fields interact with bubble clouds in highly dynamic environments (e.g., in ship wakes or 
near the ocean surface). The results of this type of research can be used to help refine 
high frequency sonar performance models, to select optimal sonar frequencies, and to 
refine detection and classification routines. The results of this research can also be used 
to refine acoustic inversion techniques for estimating parameters related to bubble clouds 
in the ocean (e.g., void fraction, bubble size distribution). 

OBJECTIVES 

The objectives of this work were to exploit a measurement of opportunity to quantify 
bubble clustering under breaking oceanic wind waves, and to predict the impact of the 
observed clustering on acoustic field characteristics (e.g., attenuation, sound speed 
dispersion). 

APPROACH 

The approach used in this work consisted of two tasks: a bubble clustering analysis and 
subsequent acoustic field predictions. 

Bubble clustering analysis. A Reson SeaBat 7125 (400 kHz) multibeam sonar was used 
in October 2006 (prior to this work) to collect high spatial and temporal resolution 
backscatter for breaking wave bubble plumes in the Gulf of Maine. This data was 
analyzed in order to quantify the degree of of bubble clustering present. In particular, the 
pair correlation function was inferred directly from the multibeam data. 
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Acoustic field predictions. Acoustic field predictions (frequency dependent attenuation) 
that incorporated the observed bubble-bubble correlation functions were made. This was 
done using modifications to the multiple scattering theory first described b y Foldy 
[1945], and modified to incorporate clustering as part of this work. Predictions of 
attenuation were made for frequencies ranging from 10-350 khz. 

WORK COMPLETED 

Both tasks described above were completed. A complete description of this work, 
including the methodology for 1) extracting the pair correlation function from the 
multibeam data; and 2) incorporating the pair correlation function into an effective 
medium model is given in the principal publication resulting from this effort [Weber, 
2008]. 

RESULTS 

As reported in Weber [2008], this work represents the first quantified measurements of 
clustering in bubble clouds found under open ocean breaking wind-waves. A single ping 
from the multibeam, which was mounted at a depth of 4 m on the R/V Hugh Sharp, is 
shown in Figure 1. This type of data was analyzed to estimate a pair correlation function 
(computed across many realizatons of the bubble cloud) describing the relationship 
between the joint and marginal probability density functions (pdf) describing the 
simultaneous locations of two bubbles. The pair correlation function corresponding to a 
depth of 6 m is shown in Figure 2. When the pair correlation function is equal to unity, 
the joint pdf is equal to the marginal pdf and clustering is not present. When the pair 
correlation function is greater than one, clustering is present. Figure 2 shows that 
clustering was present at ranges of up to ~1.5 m (that is, given the location of a bubble, it 
is more likely to find another bubble at ranges less than 1.5 m than it is to find one farther 
away). 

The pair correlation estimate shown in Figure 2 was then used to predict the attenuation 
of the coherent acoustic field over a range of frequencies (10-350 kHz) as it propagated 
through the clustered bubble cloud. To do this, the bubble size distribution for a P-plume 
at a wind speed of 14.6 m/s and a depth of 6 m was used, following the parameterization 
given by Novarini et al (1998). Given this bubble size distribution, the effect of 
clustering can be examined by comparing the attenuation through a bubble cloud with 
and without clustering. This results in the frequency dependent attenuation curves shown 
in Figure 3, which describes a difference in attenuation between the clustered and 
nonclustered bubble clouds that varies between 20% and 80% over a frequency range 
between 10 and 350 kHz. The attenuation is lower than that predicted for the 
nonclustered bubble cloud at frequencies between 10 and 230 kHz, and higher at 
frequencies between 2530 and 350 kHz, even though the number and sizes of the bubbles 
are equivalent in both cases. 
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Figure 1. A single ping from the Reson 7125 multibeam sonar. Backscatter from 
bubbles is shown as yellow and red. 

Figure 2.  The pair correlation function g(r) estimated from the multibeam data at a 
depth of6m. 
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Figure 3.  The predicted attenuation for nonclustered (dashed line) and clustered 
bubble clouds (solid line). 



IMPACT/APPLICATIONS 

This work demonstrates that accurate predictions of attenuation (and sound speed, which 
is coupled to attenuation through the dispersion relations) must incorporate clustering 
when it is present. This will impact those wishing to acoustically estimate bubble 
distributions at sea and in laboratory environments, and also those wishing to predict the 
effects of bubbles on high frequency sonar (under breaking waves, in ship wakes, etc.). 

RELATED PROJECTS 

This work is related to on-going research (ONR grant N000140910575: The effect of 
clustered scatterers on volume reverberation). In the on-going research, the presence of 
clustering in fish aggregations is being examined, and the effects of clustering are being 
extended to lower frequencies and shallow water (i.e., propagation distances that are 
several water depths). 
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